). 
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The miniaturization of fabricating data storage devices with functional building blocks down to the atomic size is a major driving force of nanotechnology, and an outstanding challenge is to control the magnetism at the atomic scale 1, 2 . Very recently, the successful introduction of local magnetic moments in graphene by creating atomic vacancies 3 or adsorbing H atoms 4 shows the ability to achieve such a goal. Different from the H adatoms on graphene, which only introduce local magnetic moment of  electrons 4 , removing a single-carbon vacancy introduces local magnetic moments of both the  and  electrons [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Theoretically, the interactions between the  dangling bond and the quasilocalized  electrons of the single-carbon vacancy are predicted to control its magnetic states, either exhibiting local magnetic moments or not 6, 8, 9, 11, 12, 15, 16 .
Therefore, such a system provides a unique platform to control the magnetism at the atomic scale. In this work, we experimentally studied how the interactions between the  dangling bond and the quasilocalized  electrons control the magnetism of the singlecarbon vacancy in graphene. Via a scanning tunnelling microscopy (STM) tip, we could tune the interactions between the localized  electrons and the quasilocalized  electron around the single-carbon vacancies and realized three different magnetic states of the single-carbon vacancies in graphene. Density functional theory (DFT) calculations revealed the nature of these magnetic states and quantum phase transitions between the three coupling regimes.
In our experiment, the single-carbon vacancies were generated in the synthesis process of graphene in a chemical vapor deposition (CVD) method (see Methods and
Fig. S1 of the Supplemental Material), as reported previously 3, 19 . Figure 1a shows a representative atomic STM image of the single-carbon vacancy in graphene, exhibiting the characteristic Jahn-Teller distortion 3, 20 . We can clearly observe the triangular √3 × √3 30° interference pattern in the STM image due to the induced intervalley scattering of the atomic defect (see Fig. S2 for more STM images). The single-carbon vacancy exhibits two pronounced peaks in the scanning tunnelling spectroscopy (STS) spectrum (Fig. 1b, Fig. S3 and Fig. S4 ), attributing to two spin-polarized states of the quasilocalized  electron V induced by the single-carbon vacancy 3, 5 .
3 Figure 1c shows a schematic diagram of electronic structure for a single-carbon vacancy in graphene. The crystal field and Jahn-Teller distortion split the localized  electrons of the single-carbon vacancy into highly localized V1, V2, and V3 states.
Both the V2 and V states are half occupied because of the electrostatic Coulomb repulsion U, i.e., when an electron occupies the state, a second electron with opposite spin must overcome an extra energy U. The strength of U, which depends on the spatial localization of the states, determines the spin splitting. The spatial extension of the V state is much larger than that of the V2 state, therefore, the V2 state has a much larger spin splitting than that of the V state (Fig. 1c) . There is usually a single electron occupying the V2 state due to the large spin splitting, however, the two V states could be double occupied or unoccupied because of the existence of slight charge transfer from the substrate. Then the spin splitting of the V state should vanish and only one sharp peak is expected to be observed, as reported for the adsorbing H atoms in graphene 4 . However, in our experiment, two peaks are still observed for the singlecarbon vacancies even when they are well above the Fermi level, as shown in Fig. 1b and as also reported in a previous work 3 . Our spin-polarized STM measurements, as shown subsequently, demonstrate that the two peaks are the two spin-polarized states of the V state and we will show that the  magnetism of the single-carbon vacancy behaves quite different from that of the adsorbing H atom in graphene.
The spin-polarized STM measurements, which can directly reflect the spatial distribution of spin-up and spin-down electrons 21, 22 , provides us an unprecedented insight to identify the  magnetism of the single-carbon vacancy. In our experiment, we used electrochemically etched Ni tips ( between the  and  states is broken 6, 8, 9, 11, 12, 15, 16 . Then the coupling with the spinpolarized V2 state may stabilize the spin splitting of the V state even when it is double occupied or unoccupied. Therefore, the two states of the V electrons induced by the atomic vacancies 3 and by the adsorbing H atoms 4 on graphene show quite different behaviors.
The interaction between the localized  and  states, which depends on the local configuration of graphene, determines the magnetism of the single-carbon vacancy in graphene 6, 8, 9, 11, 12, 15, 16 . Previously, it was demonstrated that the STM tip can generate an out-of-plane displacement on graphene through a finite Van de Waals force [25] [26] [27] [28] . Here we show that it is possible to generate out-of-plane lattice deformation around the heights exhibits distinct tunnelling spectra, as shown in Fig. 3a-3c . For the case that the measured height of the protrusion around the vacancy is smaller than 50 pm, the energy separation of the two spin splitting states is ~30 meV (Fig. 3a) . The relative intensity of the spin-up peak is obvious larger than the spin-down peak when recorded at A sublattice, whereas the relative intensity is inversed when recorded at B sublattice. it is interesting to note that the height of the monovacancy could be increased to above 50 pm. Then the energy difference between the two peaks in the spectrum decreases to ~20 meV and, unexpectedly, the electronic states of the left peak (right peak) are predominantly located on the B (A) sublattice (Fig. 3b) , which are exactly opposite to the result obtained in the as-grown monovacancy. It indicates that the left peak (right peak) of the spectra in Fig. 3b arises from the spin-down (spin-up) state according to the site-specific spin polarization of the quasilocalized  electron. By further decreasing the distance between the STM tip and the graphene to about 0.35 nm, it is possible to tune the height of the monovacancy to above 140 pm (Fig. 3c ). In such a case, we only observe a pronounced peak in the tunnelling spectrum. In Fig. 4a , we summarized the energy separations of the two spin-polarized peaks in the STS spectra as a function of the height of the studied monovacancy (for the case that there is only one peak, the 6 energy separation is set as zero). The obtained three distinct spectra indicate that there are three different magnetic states of the monovacancy in graphene, depending on its out-of-plane lattice deformation.
To further understand our experimental result, we carried out DFT calculations on the magnetism of the single-carbon vacancy in graphene as a function of its out-ofplane lattice deformation. Our calculations reveal three different magnetic states of the single-carbon vacancy, which are classified as ferromagnetic (FM), quenched antiferromagnetic (QAFM), and nonmagnetic (NM) phases, as shown in Fig. 4b and 4c .
Figures 4d-4f show the corresponding low-energy DOS of the three quantum phases.
For the FM phase, the monovacancy exhibits about 1.6 B local magnetic moments with 1 B from the localized  electron and about 0.6 B from the quasilocalized  electron.
The low energy DOS shows two peaks with the spin-up (spin-down) state in the left (right), which is predominantly located on the A (B) sublattice. This agrees quite well with our experimental results obtained in the as-grown monovacancy (Figure 2 and Fig.   3a ). Theoretically, the splitting of the two spin-polarized states depends on the size of the graphene super cell. In our calculation, we used a finite size of the graphene super cell due to the limitation of the calculation ability. Therefore, the theoretical splitting is much larger than that observed in the experiment. By increasing the out-of-plane lattice deformation, the monovacancy will become the QAFM phase and its local magnetic moment will decrease to only about 0.5 B, which arises from the fact that the magnetic moments from the localized  electron and the quasilocalized  electron become
antiparallel. In such a phase, the spin splitting is smaller than that of the FM phase by using the same graphene super cell in the calculation. More importantly, the spin-up (spin-down) state, which is predominantly located on the A (B) sublattice, changes to the right (left) peak of the low-energy DOS, as shown in Fig. 4e . These results are well accordant with our experimental results, as shown in Fig. 3a and 3b . By further increasing the out-of-plane lattice deformation of the monovacancy, the strong coupling between the localized σ orbital and electrons can completely remove the local magnetic moment of the single-carbon vacancy (the NM phase): the local magnetic 7 moments of the localized σ orbital and orbital exactly cancel with each other. Then, there is only one pronounced peak in the low-energy DOS (Fig. 4f) , which is consistent well with our experimental result shown in Fig. 3c . Therefore, it is reasonable to conclude that the observed three distinct spectra of the monovacancy (Fig. 3) correspond to its three different magnetic states.
Our STM measurements, complemented by first-principles calculations, show that the single-carbon vacancy in graphene can exhibit three different magnetic phases depending on the coupling between the localized σ orbital and electrons. This allows for a consistent interpretation of all current data about the magnetism of the singlecarbon vacancy. Previously, distinct tunnelling spectra of single-carbon vacancies in graphene are reported 3, 12, 14, 18 . According to our result, the distinct spectra may arise from the different magnetic phases. The single-carbon vacancies generated in the synthesis process of graphene by the CVD method usually have small apparent height.
Therefore, they are mainly in the FM phase and we usually observe two pronounced spin-split peaks in the tunnelling spectra. However, the monovacancy generated by irradiation of high-energy ions are predominantly in the NM phase because of the large apparent height. As a consequence, only a single peak is observed in the spectra 12, 14 . In literature 13 , the average magnetic moment of the monovacancy generated by irradiation is measured to be about 0.1 B, which is much smaller than the expected valvue 1.6 B,
indicating that most of the monovacancies generated by irradiation are in the NM state.
In our experiment, we found that about 1/4 of the as-grown monovacancy can be tuned from the FM state to the QAFM state and about 80% of them can be further tuned from the QAFM state to the NM state. However, it is not possible to directly change the defects from FM state into the NM state. Our experiment also demonstrated that both the QAFM and the NM states are quite stable: they cannot relax to the FM state during our experiment and they also cannot be tuned to the FM state by using the STM tip.
The substrate may help to stabilize the out-of-plane deformation around the singlecarbon vacancy when it was introduced by the STM tip.
In summary, we demonstrated that the magnetism of the single-carbon vacancy is 
